Introduction
AC plasma display panels (AC-PDPs) are a major type of flat-panel display (FPD) with excellent potential for use in high-definition television with high brightness, fast response, and wide view angle. For further penetration into the FPD market, the luminance and luminous efficacy of AC-PDPs must be improved. The material for the protective layer in PDPs is a key factor in reducing the firing voltage by the secondary electron emission. MgO films have been used as protective layers because of their high secondary electron emission coefficient (£) and high durability against ion bombardment.
1,2)
It has been reported that the luminous efficacy can be improved by using a discharge gas with a higher Xe concentration, since the discharge voltage increases for higher Xe concentrations.
3) A high-£ protective layer such as SrO, 46) SrCaO, 4, 5, 7) or CaO 8) is then used to reduce the firing voltage. The problem is that these materials are highly reactive with H 2 O and CO 2 , and in the conventional manufacturing process, the protective layer, deposited in a vacuum chamber, is exposed to an air atmosphere. A long dischargeaging process is then required to stabilize the firing voltage. 4) In order to keep the protective layer as clean as possible, we developed manufacturing equipment in which the panel is handled under vacuum after the deposition of the protective layer ("all-in-vacuum" process). We have reported the performance of the "all-in-vacuum" MgO-PDP, which requires a short aging time and has a low firing voltage, stable discharge (short statistical time lag), the same luminance, and the same luminous efficacy, compared with conventional MgO-PDP. 9) In this paper, we adopt the "all-invacuum" method for SrCaO as well as MgO, and evaluate the discharge characteristics of the "all-in-vacuum" SrCaO-PDP by compared with conventional MgO-PDP, which have been adopted for commercial PDP. Figure 1 shows a schematic depiction of the equipment for the "all-in-vacuum" method. The front and rear panels were automatically transferred to each vacuum chamber (evaporation chamber, sealing chamber, and so on) by a robot hand set in a transportation chamber. The front and real panels were sealed in a sealing chamber after the deposition of the protective layer. The rear panel was sufficiently degassed in the loading and unloading (L/UL) chamber 2 before sealing (pre-baking process of real panel). The discharge gas was filled in the panel through a hole in the rear panel. This hole was closed by an indium cap in the gas-filling/sealing chamber. It is worth noting that panel transfer and sealing were performed under high vacuum (pressure µ10 ¹6 Pa). Figure 2 shows (a) the conventional and (b) "all-in-vacuum" manufacturing process. In the "all-in-vacuum" process, the protective layer deposition and subsequent panel sealing were performed in high vacuum so as to keep the protective layer as clean as possible.
Experimental
The specifications of the test panel and driving waveform are listed in Table 1 . The X and Y electrodes of the PDP front panel were strips of width 180 µm, and the distance between the X and Y electrodes was 80 µm. The protective layers were deposited up to 500 nm by an electron-beam evaporation method on the dielectric layer (30 µm) covering the X and Y electrodes. The display area is 50 mm © 50 mm. The panel characteristics such as discharge voltage (V f1 , V fn , V s max , and V s min ), luminance, and discharge time lag were measured at room temperature. The maximum firing voltage (V fn ) and minimum firing voltage (V f1 ) are defined as the voltages applied between X and Y electrodes when the last and first cell turns on, respectively. The maximum sustain voltage (V s max ) and minimum sustain voltage (V s min ) are defined as the voltages applied between X and Y electrodes when the first and last cell turns off, respectively. PDP is usually operated between V f1 and V s max . The luminance, luminous efficacy and discharge time lag were measured in the static margin (between V f1 and V s max ). The discharge voltage and current were measured using a current probe (Sanwa Electric Instrument, PC5000a), and the luminance was measured using a luminance meter (KONICA MINOLTA, LS-100). The luminous efficacy (©) was calculated from the equation © = ³LS/P, where ³, L, S, and P respectively represent the ratio of circumference of a circle to its diameter, the luminance, the luminous area, and the power of discharge. Figure 3 shows the applied waveform cycle for the discharge time lag measurements; the discharge time lag consists of the formative time lag (t f ) and the statistical time lag (t s ). The upper and lower waveforms were applied to the X and Y electrodes of the front panel, respectively. First, 250 pulses were applied to these electrodes. After a non-discharge period of 2 ms, a sustain pulse was applied to the electrodes to measure the discharge time lag. The discharge time lag between the applied measurement pulse and the discharge emission was measured 1000 times. The discharge emission was measured using an avalanche photodiode (Hamamatsu Photonics, C5460). Figure 4 shows the maximum firing voltage (V fn ) plotted as a function of discharge time for the conventional MgO-PDP and the "all-in-vacuum" SrCaO-PDP. The Xe concentration (C xe ) of these two PDPs were 4 vol%. For less contamination on the protective layer surface, the V fn should be stabilized within a shorter time. The V fn of the "all-invacuum" SrCaO-PDP (4 vol% Xe) was stabilized in only 10 min, whereas that of the conventional MgO-PDP (4 vol% Xe) was stabilized in 60 min. Importantly, the dischargeaging time of the "all-in-vacuum" MgO-PDP (20 vol% Xe) was 15 min. 9 ) These results clearly demonstrate that the "allin-vacuum" manufacturing method is quite effective in shortening the discharge-aging time, even in the case of a high-£ but reactive SrCaO protective layer. Figure 5 shows the discharge voltage for the conventional MgO-PDP (4 vol% Xe) and the "all-in-vacuum" SrCaO-PDP (4 vol% Xe). The V f1 and V s max of the SrCaO-PDP were 52 and 36 V lower than those of the MgO-PDP, respectively. The discharge voltage of the "all-in-vacuum" SrCaO-PDP was comparable with that of the SrCaO-PDP sealed in nitrogen gas 7) and with as-deposited raw SrCaO. 5) It is concluded that both the "all-in-vacuum" method and the nitrogen-sealing method are effective in decreasing the firing voltage of the SrCaO-PDP. ) and the "allin-vacuum" SrCaO-PDP (4 vol% Xe), respectively. For the same luminance, V s for the SrCaO-PDP was about 35 V lower than that of the MgO-PDP. For the same discharge current, the difference in V s between the SrCaO-PDP and the MgO-PDP was also about 35 V. It is noted that the minimum sustain voltage (V s max ) of the SrCaO-PDP was 36 V lower than that of the MgO-PDP. It seems that both the luminance and discharge current corresponded to the difference between V s and V s max .
Figures 7(a) and 7(b) show the luminance (L) and discharge current (I) as a function of the difference between V s and V s max (V d ) for the conventional MgO-PDP (4 vol% Xe) and the "all-in-vacuum" SrCaO-PDP (4 vol% Xe), respectively. The ratio of luminance to V d for the conventional MgO-PDP (4 vol% Xe) was higher than that for the "all-in-vacuum" SrCaO-PDP (4 vol% Xe), although, for small V d , their luminances were almost the same. On the other hand, their discharge currents were almost the same. It was found that discharge current corresponded to V d . Figure 8 shows the luminance as a function of discharge current for the conventional MgO-PDP (4 vol% Xe) and the "all-in-vacuum" SrCaO-PDP (4 vol% Xe). For the same discharge current, their luminances were almost the same, although V s max of the MgO-PDP was 36 V higher than that of the SrCaO-PDP. It is noteworthy that the ratio of luminance to discharge current (L/I) was 40 (cd m ¹2 )/mA, i.e., it was constant below 4.5 mA and increased gradually above this value. Thus, it seems that the discharge condition changes at around 4.5 mA. It has been reported that there are two discharge modes: moving-discharge and fast-discharge modes. 10) Weak discharges move from a center of cathode to cathode-edge in low voltage operation (a moving-discharge mode), while in high voltage operation strong discharges abruptly spread over whole cathode electrode and discharge time is as short as only 60 ns (a fast-discharge mode).
10) The moving-discharge mode is a weak discharge sustained by low energy electrons, and the fast-discharge mode is a shorter pulse discharge with strong cathode emission. The electron energy in the fastdischarge mode is higher than that of the moving-discharge mode because shortening pulse discharge induce the high electron-heating efficiency.
12) It seems that the discharge modes at lower than and greater than 4.5 mA can be regarded as moving-and fast-discharge modes, respectively, because the high L/I corresponds to the high electron energy. The shorter pulse discharge seems be induced by the high electron density rather than the strong electric field. Figure 9 shows the luminous efficacy (©) as a function of V s for the conventional MgO-PDP (4 vol% Xe) and the "allin-vacuum" SrCaO-PDP (4 vol% Xe). The luminous efficacy of the SrCaO-PDP increased as V s decreased, because L/I of the SrCaO-PDP (4 vol% Xe) was constant. It is noticeable that the luminous efficacies at 150 V were almost the same, because their discharge currents at this voltage were less than 4.5 mA. time lags was large because the discharge time lag depend on applied sustain voltage greatly. However, the "all-in-vacuum" SrCaO-PDP (4 vol% Xe) achieved almost the same discharge time lag as the conventional MgO-PDP (4 vol% Xe). It is concluded that the "all-in-vacuum" SrCaO-PDP (4 vol% Xe) achieved the same luminance and discharge time lag as the conventional MgO-PDP (4 vol% Xe) at lower V s , where the V s difference is almost the same as the V s max difference. The differences in characteristics between the "allin-vacuum" SrCaO-PDP and the conventional MgO-PDP are caused by the discharge voltage difference, because the luminance depends on the discharge current, which in turn corresponds to V d . Figure 11 shows the discharge voltage as a function of Xe concentration for the "all-in-vacuum" SrCaO-PDP. The discharge voltage of the SrCaO-PDP increased with increasing Xe concentration. Figures 12(a) and 12(b) show the luminance and luminous efficacy as a function of V s for the "all-in-vacuum" SrCaO-PDP at various Xe concentrations. The V s dependence of the luminous efficacy is very complicated, and was investigated by emission measurements and calcutations.
Xe concentration dependence
12) The luminous efficacy increased drastically up to 30 vol% Xe; this was then followed by a gradual increase, comparable to that of the conventional MgO-PDP. 3) This result indicates that it is possible to increase both the luminance and luminous efficacy by increasing the Xe concentration, even in the case of SrCaO.
Panel characteristics at the same discharge voltage
for SrCaO (20 vol% Xe) and MgO (4 vol% Xe) We focused on the analysis of the "all-in-vacuum" SrCaO-PDP (20 vol% Xe), which had almost the same discharge voltage as the conventional MgO-PDP (4 vol% Xe). Figures 13(a) and 13(b) show the luminance and luminous efficacy as a function of V s for the conventional MgO-PDP (4 vol% Xe) and the "all-in-vacuum" SrCaO-PDP (20 vol% Xe), respectively. For V s of 170 V, the luminance and luminous efficacy of the SrCaO-PDP (20 vol% Xe) were 2.1 and 1.7 times greater, respectively, than those of the conventional MgO-PDP (4 vol% Xe). On the other hand, with the nitrogen-sealing method, the luminance of the SrCaO-PDP (30 vol% Xe) was almost the same and the luminous efficacy was 1.8 times higher compared with the MgO-PDP (10 vol% Xe). 7) These results indicate that the discharge current of nitrogen-sealed SrCaO-PDP (30 vol% Xe) was half that of the nitrogen-sealed MgO-PDP (10 vol% Xe). This decrease in discharge current seems to be caused by the decrease in discharge area, which, in turn, is probably caused by surface deterioration. It is therefore concluded that the "all-in-vacuum" method is quite effective in increasing not only the luminous efficacy but also the luminance of PDPs. Figure 14 shows the discharge time lag (t f + t s ) as a function of V s for the conventional MgO-PDP (4 vol% Xe) and the "all-in-vacuum" SrCaO-PDP (20 vol% Xe). The discharge time lags of these PDPs were very similar. On the other hand, when using the nitrogen-sealing method, the discharge time lag of the SrCaO-PDP (30 vol% Xe) was larger than that of the MgO-PDP (10 vol% Xe). 7) It is noted that the discharge time lag of the "all-in-vacuum" MgO-PDP (20 vol% Xe) decreased drastically to half that of the conventional MgO-PDP (20 vol% Xe).
9) The discharge time lag is very sensitive to contamination. 9) These results indicate that the "all-in-vacuum" method is more effective than the nitrogen-sealing method in decreasing the discharge time lag of the SrCaO-PDP, but the effect of the "all-in-vacuum" method for SrCaO is small compared with that for MgO. It is therefore concluded that it is difficult to keep SrCaO as clean as MgO, even when using the "all-in-vacuum" method.
Conclusions
Our experiments clearly demonstrated that the "all-invacuum" method has many advantages such as short discharge aging time, low discharge voltage, high luminance, high luminous efficacy, and short discharge time lag, even in the case of a SrCaO protective layer, which has a high £ value but is very reactive. On the other hand, a high luminance and short discharge time lag were not achieved using the nitrogen-sealing method.
7) The discharge time lag of the "all-in-vacuum" SrCaO-PDP was comparable with that of the conventional MgO-PDP, but twice as high as that of the "allin-vacuum" MgO-PDP. Hence, even in the case of the "all-invacuum" method, it is difficult to keep SrCaO as clean as MgO.
The differences in characteristics between the "all-invacuum" SrCaO-PDP and the conventional MgO-PDP were caused by the difference in discharge voltage, since the luminance depends on the discharge current, which corresponds to the difference between V s and V s max . As a result, the "all-in-vacuum" SrCaO-PDP (4 vol% Xe) achieved the same luminance and discharge time lag as the conventional MgO-PDP (4 vol% Xe) at a low sustain voltage. By using a discharge gas with a higher Xe concentration, the "all-invacuum" SrCaO-PDP (20 vol% Xe) achieved a luminance 2.1 times larger, a luminous efficacy 1.7 times larger, and the same discharge time lag compared with the conventional MgO-PDP (4 vol% Xe), which has almost the same discharge voltage.
